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Abstract. The relic abundance of the lightest right-handed sneutrino dark matter in supersym-
metric B-L extension of the standard model is revisited. We argue that it can form a bound state
through the exchange of light B − L Higgs boson and a large non-perturbative Sommerfeld effect
is obtained. We emphasized that with this effect the relic abundance of right-handed sneutrino will
lie within the observational limits and the right-handed sneutrino will remain a viable dark matter
candidate of mass order up to 1.5 TeV.
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1 Introduction
Dark Matter (DM) is one of the most important evidences for physics Beyond the Standard Model
(BSM) of particle physics. The relic abundance of the DM candidacy, since its decoupling time, is
an essential issue for its validity to account for the DM observation. The latest results from the
full-mission of Planck satellite indicated that the DM relic abundance is give by [1]
ΩDMh
2 = 0.120± 0.001. (1.1)
This tiny region imposed stringent constraints on the permitted parameter space of any BSM provides
a DM candidate. Since the thermal relic abundance of DM is inversely proportional to its annihilation
cross section, which is usually quite small due to the fact that most of new particles in BSM models
are quite heavy to satisfy collider negative searches, the predicted relic abundance is much larger than
the observed limits in Eq. (1.1).
On the other hand, a bound state of DM can be formed if it couples to a light force mediator.
In this case, a non-perturbative effect, called Sommerfeld Effect (SE) would play an important role
in enhancing the annihilation process, and thus reducing the relic density down to the target range of
Planck measurements. The formation of DM bound state through a scalar field, φ, mediator requires
the screening length, 1/mφ, to be much larger than the Bohr radius of bound state , ∼ 2/αmDM,
which is the most probable distance between the right-handed sneutrinos in the bound state. Thus,
one gets the following conditions [2–4]:
αmDM/mφ >∼ 1.64, (1.2)
where the dimensionless coupling α is given by α ≡ Y 2/16pim2DM [5], with Y is the dimensionfull
trilinear coupling between φ-DM-DM. Therefore, this scenario entails: mDM  mφ.
In this paper, we show that the lightest right-handed sneutrino, which is a natural candidate of
DM in the B-L extension of the minimal supersymmetric standard model (MSSM), can form a bound
state through the Yukawa potential produced by the mediation of the lightest Higgs boson, h′, which
can be as light as 28 GeV, as shown in Ref.[6]. The B-L Supersymmetric Standard Model (BLSSM) is
based on the gauge group SU(3)C×SU(2)L×U(1)Y ×U(1)B−L [8–18]. This extension requires three
right-handed neutrino superfields be added to cancel the U(1)B−L anomalies and to implement seesaw
mechanism, which provides an elegant solution for the existence and smallness of the light neutrino
– 1 –
masses [7, 8]. It has been shown that in this class of models, the lightest right-handed sneutrino can
be the lightest supersymmetric particle (LSP), thus a viable candidate of Dark Matter (DM) [19, 20].
In addition, the CP-even Higgs boson associated with breaking U(1)B−L symmetry can be quite light
[22, 23]. This Higgs boson has a large coupling to the right-handed sneutrino, as they belong to the
same sector of B − L symmetry. Therefore, it is a potential candidate for mediating a bound state
between the lightest right-handed sneutrinos.
The paper is organized as follows. In section 2 we emphasize that the standard calculation of
sneutrino relic abundance leads to results that exceed the observational limits. In section 3 we study
the bound state of sneutrino through h′ exchange and the associated SE. In section 4 we calculate
the relic abundance with the predicted SE and provide a benchmark points where the resulting Ωh2
is compatible with the stringent observational constraints for a large range of right-handed sneutrino
mass. Our conclusions and final remarks are given in section 5.
2 Right-handed Sneutrino Dark Matter
The BLSSM model consists of the MSSM particle content and two chiral SM-singlet Higgs superfields
(χˆ1,2 with B − L charges YB−L = ∓2, respectively), whose Vacuum Expectation Values (VEVs) of
their scalar components, v′1 = 〈χ1〉 and v′2 = 〈χ2〉, spontaneously break the U(1)B−L, in addition to
three right-handed neutrino superfields (Nˆi). The superpotential of the BLSSM is given by
W = (Yu)ijQˆiHˆ2Uˆ
c
j + (Yd)ijQˆiHˆ1Dˆ
c
j + (Ye)ijLˆiHˆ1Eˆ
c
j + (Yν)ijLˆiHˆ2Nˆ
c
j + (YN )ijNˆ
c
i χˆ1Nˆ
c
j
+ µ Hˆ1Hˆ2 + µ
′ χˆ1χˆ2. (2.1)
The B − L charges of the above superfields, the corresponding soft SUSY breaking terms, and the
details of B − L radiative symmetry breaking at TeV scale (v′ =
√
v′1
2 + v′2
2 >∼ 7 TeV) can be found
in Ref. [9]. The detail of this model and its phenomenological implications can be found in Ref.[21].
The sneutrino mass matrix, in the basis (ν˜L, ν˜
∗
L, ν˜R, ν˜
∗
R), is approximately given by a 2× 2 block
diagonal matrix, where the element 11 of this matrix is given by the diagonal LH sneutrino mass
matrix and the element 22 represents the RH sneutrino mass matrix, MRR, which is defined as
M2RR =
(
M2N +m
2
N˜
+m2D +
1
2M
2
Z′ cos 2β
′ MN (AN − µ′ cotβ′)
MN (AN − µ′ cotβ′) M2N +m2N˜ +m2D + 12M2Z′ cos 2β′
)
. (2.2)
where MN is the right-handed neutrino mass, which is proportional to the B−L symmetry breaking
VEV, i.e., MN = YNv
′
1 ∼ O(1) TeV, and mD = Yν〈H2〉 = Yνv2, with Yν <∼ O(10−6), to fulfill
the smallness of light neutrino masses [7]. The soft SUSY breaking parameters mN˜,L˜ and Aν,N
are the sneutrino, slepton scalar masses and trilinear couplings, respectively, which are given by
universal values at the Grand Unification Theory (GUT) scale and are determined at any scale by
their Renormalization Group Equations (RGEs). Finally tanβ′ is defined as the ratio between the
two B − L VEVs, tanβ′ = v′1/v′2, in analogy to the MSSM VEVs (tanβ = v2/v1).
It is worth noting that the mixing between the right-handed sneutrinos and right-handed anti-
sneutrinos is quite large, since it is given in terms of YN ∼ O(1). Thus, the eigenvalues of the
right-handed sneutrino squared-mass matrix M2RR are given by
m2ν˜∓ = M
2
N +m
2
N˜
+m2D +
1
2
M2Z′ cos 2β
′ ∓∆m2ν˜R , (2.3)
– 2 –
where ∆m2ν˜R = |MN (AN − µ′ cotβ′)|. It is clear that the lightest ν˜− ≡ ν˜R1 is the lightest sneutrino
and can be even the LSP for a wide region of parameter space [20], hence it can be stable and a viable
candidate for DM.
However, the interactions of sneutrino DM, ν˜R1 , are quite limited, therefore the annihilations of
the ν˜R1 are mainly given by (when kinematically allowed) the four-point interaction: ν˜R1 ν˜R1 → hihj
and processes mediated by the CP-even Higgs sector ν˜R1 ν˜R1 → hi → hihj or W+W−. The value of
these annihilation cross sections determine the relic abundance, which is given by
Ων˜R1h
2 =
2.1× 10−27 cm3s−1
〈σannν˜R1 v〉
(xF
20
)( 100
g∗(TF )
) 1
2
(2.4)
where 〈σannν˜R1 v〉 is a thermal average for the total cross section of annihilation multiplied by the relative
sneutrino velocity, TF is the freeze out temperature, xF = mν˜R1 /TF ' O(20) and g∗(TF ) ' O(100) is
the number of degrees of freedom at freeze-out. As emphazised in Ref.[24] the suppressed annihilation
cross sections lead to a very large relic abundance Ων˜R1h
2 (typically much larger than one), and for
few points in the parameter space it can be within the 2σ allowed region by the Planck collaboration:
0.09 < Ωh2 < 0.14.
Before closing this section, let us recall that the lightest (B−L) Higgs is affected by the trilinear
coupling,
m2h′ =
1
2
[
(m2A′ +M
2
Z′)−
√
(m2A′ +M
2
Z′)
2 − 4m2A′M2Z′ cos2 2β′
]
.
where M2A′ is the mass of the (B − L) CP-odd Higgs,
MA′ =
2Bµ′
sin 2β′
, (2.5)
and Bµ′ is determined by the B − L minimisation condition. If cos2 2β′  1, one finds that the
lightest B − L neutral Higgs is given by
mh′ '
(
m2A′M
2
Z′ cos
2 2β′
m2A′ +M
2
Z′
) 1
2
' O(100 GeV). (2.6)
As avocated above, in the BLSSM it is quite natural to have two light CP-even Higgs bosons h
and h′ with mass 125 GeV and O(28) GeV, respectively. The CP-even neutral Higgs mass matrix
can be diagonalised by a unitary transformation:
Γ M2 Γ† = diag{m2h,m2H ,m2h′ ,m2H′}. (2.7)
The lightest h′ can be written in terms of gauge eigenstates as
h′ = Γ31 σ1 + Γ32 σ2 + Γ33 σ′1 + Γ34 σ
′
2, (2.8)
where σ1,2 are the real components of H1,2 and σ
′
1,2 are the real components of χ1,2, respectively.
As h′ is essentially obtained from B − L sector, the coupling Γ33,34  Γ31,32. In this regard, the h′
couplings with the W+W− and ZZ gauge bosons are given by:
gW± = g2MW (Γ32 sinβ + Γ31 cosβ) ,
gZZ ' gzMZ (Γ32 sinβ + Γ31 cosβ) , (2.9)
– 3 –
3 ν˜R1 Bound state and Sommerfeld Effect
As both h′ and ν˜R1 belong to the B-L sector, the have a reasonably large strength of their interaction.
Thus, a bound state can be formed for ν˜R1 by mediating the scalar boson h
′ as shown in Fig. 1.
Figure 1. ν˜R1 annihilation to hh, h
′h′ and W+W− through the bound state mediated by h′ Higgs boson
before annihilation.
As is well known, scalar particle exchange mediates a Yukawa potential. In this regard, the
sneutrino bound state mediated by h′ Higgs boson, yields a Yukawa potential with range 1/mh′ , is
only possible if
αν mν˜R1
mh′
> 1.68, (3.1)
where αν is the coupling of ν˜R1 ν˜R1h
′ [4]. Thus, due the large m′h, the sneutrino bound state can be
achieved only for heavy sneutrino or/and a quite strong coupling.
The internal motion of the bound state of ν˜R1 is non-relativistic that can be described by
Schrodinger equation (
−5
2
2µr
+ V (r)
)
ψ(r) = Eψ(r), (3.2)
where µr = mν˜R1 /2 is the reduced mass and the V (r) is the corresponding Yukawa potential, obtained
from h′-exchange and given by
V (r) = −αν e
−mh′r
r
, (3.3)
where αν = (Y )
2/16pim2υ˜1 . The details of the coupling Y will be discussed in the next section.
The effect of non-relativistic Yukawa potential, due to the large distance force between the
incoming sneutrinos, on the annihilation cross section can be represented by the ratio between the
distorted wave function to the unperturbed one at the origin (annihilation point). Therefore, the
annihilation cross section with bound state can be written in terms of the usual annihilation cross
section as follows: [25–27]
σ = Sσ0, (3.4)
where S is known as Sommerfeld effect, which is given for the s-wave case by [25, 26, 28]
S =
|ψ(0)|2
|ψ0(0)|2 = |ψ(0)|
2. (3.5)
Here we assume that |ψ0(0)|2 = 1. Since the exact analytical solution of Schrodinger equation with
Yukawa potential is not available, it is common to use instead an approximate solution that can be
obtained if one considered a modified version of V (r) as follows:
VH(r) = −αm∗ e
−m∗ r
1− e−m∗ r , (3.6)
where m∗ ' pi26 mh′ [29]. This type of potential is called Hulthen potential. Now, it is possible to
obtain analytical solutions for the ` = 0 modes of the wavefunctions. It turns out that the s-wave
– 4 –
Sommerfeld enhancement is given by [28–30]
S = (
2piα
υ
)
sinh(
6mυ˜1νrel
pimh′
)
cosh(
6mυ˜1νrel
pimh′
)− cos[
√
24mυ˜1α
mh′
− 36m
2
υ˜1
ν2rel
pi2m2
h′
]
, (3.7)
where vrel is the relative velocity between the ν˜R1 DM particles. Since vrel  1, the Sommerfeld
effect can be approximate to
S =
2piαν
vrel
6mν˜R1 vrel
1− cos
(√
24mν˜R1
αν
mh′
) , (3.8)
Figure 2. Sommerfeld enhancement for a Hulthen potential as a function of mυ˜R1 , with mh′ = 28 Gev and
a coupling strength of αν = 0.3.
In Fig. 3, we display the Sommerfeld enhancement for a Hulthen (Yukawa) potential as a function
of the ν˜R1 and coupling αν of order 0.3. It is interesting to note that Sommerfeld effect could be huge
and the peaks in the curve correspond to cos
(√
24mν˜R1
αν
mh′
)
= 1, i.e.,
24mν˜R1
αν
mh′
= (2npi)2 and n is
integer.
This enhancement of annihilation cross section will have a significant effect on computing the
relic abundance, Ωh2 of ν˜R1 DM, as it is inversely proportional to the thermal average of (σannvrel).
In general, the usual DM annihilation cross section times the relative velocity can be written as
(σvrel)0 = a+bv
2
rel, where a and b are the S- and P -wave contributions, respectively. With Sommerfeld
effect, the thermally averaged cross section of S-wave at a temperature T or x ≡ mχ/T can be written
as [30]
〈σvrel〉 = a〈S0(vrel)〉(x) (3.9)
=
(συ)0 x
3/2
2
√
pi
∫ ∞
0
S0(υrel) e
− xυ
2
rel
4 υ2rel dυrel
4 Revisiting Right-handed Sneutrinos DM
In the BLSSM, the relevant interaction terms of lightest right-handed sneutrino are given by the
following Lagrangian:
L = Y (υ˜R1)2h′ + λ4(υ˜R1)2h′2 + λ2h′h2 + gW±h′W+W− + λ3h′h′h′ + gZZh′ZZ, (4.1)
– 5 –
where the above couplings are defined as follows:
gW± ' g2MW (Γ32 sinβ + Γ31 cosβ) , gZZ ' gzMZ (Γ32 sinβ + Γ31 cosβ) , (4.2)
Y ' (ΓR14)2
[g2BL
2
(
v′1Γ33 − v′2Γ34
)
+
√
2
(
Γ34µ
′YN − Γ33TN
)
− 4v′1Γ33Y 2N
]
, (4.3)
λ4 ' (ΓR14)2
[g2BL
2
(
Γ233 − Γ234
)
+
gBLg˜
4
(
Γ231 − Γ232
)
− 4Γ233Y 2N
]
, (4.4)
λ3 ' g2BL
[
v′1
(
− 3Γ333 + 3Γ33Γ234
)
+ v′2
(
3Γ233Γ34 − 3Γ334
)]
, (4.5)
λ2 ' g2BL
[
v′1
(
− 3Γ233Γ13 + Γ13Γ234 + 2Γ34Γ33Γ13
)
+ v′2
(
Γ233Γ14 + 2Γ33Γ34Γ13 − 3Γ234Γ14
)]
(4.6)
Here Γ and Γ(R) are the matrices that diagonalize the CP-even Higgs mass matrix and right-handed
sneutrino mass matrix respectively. There are four Higgs VEVs, corresponding to the MSSM Hu and
Hd doublets and the B − L χ1 and χ2 singlets, written as (vu, vd, v′1, v′2), respectively. Finally, TN
is the trilinear couplings, which is defined as YNAN .
The numerical values of the above parameters are computed by SARAH and SPheno programs
[31, 32]. In Fig. 3, we present the relic abundance of ν˜R1 DM with and without Sommerfeld enhance-
ment as function of ν˜R1 mass for the following benchmark point: gBL = 0.55, g˜ = −0.138, tanβ =
40, tanβ′ = 1.19, v′ ' 7.2 TeV, µ′ ' 12.5 TeV, TN ' −12.5 TeV, YN ' O(1), Γ31 ' −0.002, Γ32 '
−0.006,Γ33 ' −0.774, Γ34 ' 0.66, Γ11 ' −0.03, Γ12 ' −0.99 Γ13 ' 0.005,Γ14 ' 0.002, which leads
to Y ' 2.5 TeV, λ3 ' 179 GeV, λ4 ' −4.5, λ2 ' 0.16 GeV, gw± ' −0.313, gZZ ' −0.405,
Figure 3. (Dashed plot) Relic density of the dark matter mass ν˜R1 without Sommerfeld enhancement,
(Solid plot) with Sommerfeld enhancement for mh′ = 28 GeV, Y ∼ 2mν˜R1 >∼
√
16× 1.68× pimh′mν˜R1 . The
horizontal lines correspond to the Planck limits for the relic abundance.
From this figure , it is clear that the relic abundance can only be consistent with the observational
limits without the Sommerfeld effect for a very special values of right-handed sneutrino mass that
render certain fine tuning. However, with Sommerfeld effect these constraints are met for a wider
region of mν˜R1 and right-handed sneutrino with mass of order one TeV remains a viable DM.
– 6 –
5 Conclusions
In this paper we have analyzed the possibility that the lightest right-handed sneutrino in the BLSSM
can form a bound state through the exchange of the lightest CP-even Higgs boson, h′, which is
associated with U(1)B−L symmetry breaking. This Higgs boson can be as light as 28 GeV with a
large coupling to the right-handed sneutrino, hence it naturally mediates the lightest right-handed
sneutrino bound state. We have shown that the resultant Sommerfeld Effect can be quite large and
would provide a major increase in the cross section of annihilation. We emphasized that in general and
without bound state effect the relic abundance of right-handed sneutrino is quite large and exceed the
observational limit for most of the parameter space of the BLSSM model, as it is inversely proportional
to a very small annihilation cross section. We have proven that with Sommerfeld effect, we could have
the right-handed sneutrino as a viable DM candidate, with relic abundance within the experimental
limits: Ωh2 = 0.12± 0.002, for masses between 600 GeV and 1.5 TeV.
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